Water stress is a key factor limiting sorghum growth and yield potential. This study investigated the changes in morphology, photosynthetic parameters, and fluorescence characteristics of sorghum under drought and waterlogging stress. The results indicated that these two types of water stress limited sorghum growth and led to a decrease in leaf chlorophyll (Chl), especially Chl a, which was accompanied by a decrease in net photosynthetic rate. In addition, under both types of water stress, the light-compensation point (LCP) and light-saturation point (LSP) both decreased, but the effect on these parameters was more obvious under drought. In terms of fluorescence parameters, the initial fluorescence and variable fluorescence increased under drought and waterlogging stress, while the maximum fluorescence did not change significantly, and the electron transport rate, photochemical quenching, and PSII actual quantum yield decreased. In summary, these results suggest that sorghum adapts to drought and waterlogging stress by reducing the leaf Chl a content, reducing LCP and LSP, and changing fluorescence parameters. transfer rate; F0 -minimal fluorescence yield of the dark-adapted state; F0' -minimal fluorescence yield of the light-adapted state; Fm -maximal fluorescence yield of the dark-adapted state; Fm' -maximum fluorescence yield; Fv -variable fluorescence; F v /F 0 -variable fluorescence out of minimal fluorescence yield under the dark-adapted state; Fv/Fm -maximal quantum yield of PSII photochemistry; gs -stomatal conductance; LCP -light-compensation point; LSP -light-saturation point; NPQ -nonphotochemical quenching; OD -optical density; PN -net photosynthetic rate; qP -photochemical quenching coefficient; RWC -relative water content; WUE -water-use efficiency; Y(NO) -nonregulated energy dissipation of electron yield; Y(NPQ) -quantum energy output under light adaptation; ΦPSII -actual photochemical efficiency.
Introduction
With global climate change, the shortage of freshwater resources and the imbalanced distribution of water are becoming more serious each year, and water stress has become the main factor limiting global agricultural production (Tambussi et al. 2005 , Khan et al. 2016 . Furthermore, because of the variation in precipitation in recent years, the area of land suffering from water stress is gradually increasing (Kataria et al. 2015 , Wang et al. 2019a . Water stress may arise as a result of waterlogging or water deficit (Guo et al. 2018) . For example, sorghum (Sorghum bicolor L. Moench), which is grown in Northern China, where water resources are often limited, is subjected to drought stress early during the growing season in the spring. During the wet summer season, however, sorghum may suffer intermittent or long-term waterlogging stress (Liu et al. 2009 ).
It has been reported that the production of photosynthetic material plays an important role in crop growth and yield formation, and that the production of biomass and the physiological characteristics of crops are greatly affected by water stress (Wang et al. 2019a) . Extensive studies have shown changes in anatomical and morphological features, such as root architecture, leaf area, and plant height under water stress (Wang et al. 2004 , Radhakrishnan et al. 2012 . Moreover, excessive soil moisture (EM) has been shown to reduce stomatal conductance (gs), transpiration (E), photosynthetic rate (PN), and other physiological parameters of dry land crops such as corn (Zea mays L.) (Zaidi et al. 2003) and winter wheat (Triticum aestivum L.) (Abid et al. 2018) . Many researchers have pointed out that water stress can cause leaf stomatal closure and decrease intercellular CO2 concentration (Ci), available CO2 concentration in mesophyll cells, and carbon assimilation (Zou et al. 2019) . This is due to a decline in photosynthetic rate and a reduction in biomass accumulation (Gomes-Laranjo et al. 2006) . Studies have also indicated that adaptive changes in the Chl fluorescence of crops could enhance crop resilience to water stress (Rahbarian et al. 2011) .
Sorghum, which has resistance to both drought and EM stress, has become the first choice for crop production in water-stressed production systems around the world (O'Shaughnessy et al. 2012 , Kadam et al. 2017 . It has better adaptability to water stress than corn, wheat, and cotton (Houx and Fritschi 2013) , and is widely planted in arid and semiarid regions (Li et al. 2017) . At the same time, due to the aerated structure of its root tissue cell system, sorghum has good adaptability to overexposed plots and is suitable for planting in low-lying plots with an uneven water distribution (Viator et al. 2010) . However, sorghum still exhibits changes in morphology and photosynthetic physiology in order to regulate metabolism (Wang et al. 2019b ). In the case of water deficit and excessive water stress, changes in the morphology and physiology of plants also improve resistance to water stress (Vandoorne et al. 2012) .
We studied how the resistance to water stress in sorghum is achieved through changes in morphology, photosynthetic parameters, fluorescence characteristics, and photosystem response under drought and waterlogging stress in order to further promote the resistance of sorghum production under water stress.
Materials and methods
Study site: This research was conducted in a mobile shelter at the Agricultural Research Center, Liaoning Academy of Agricultural Sciences in Shenyang, China (38.47°N, 120.28°W), which is located in a temperate semihumid continental climate zone in the southeastern part of China. The average daily temperature was 24.7°C during the spring and summer of the study (May to October 2018), and the average day/night temperature difference was 12.3°C.
Experimental material:
The test material was sorghum (Sorghum bicolor L. Moench cv. Ba YQ), which was selected based on the results of a previous test of the response of 16 sorghum cultivars to drought and excessive water stress. Sorghum (cv. Ba YQ) is representative of the 16 tested cultivars in aspects of the response to water stress.
Experimental setting:
The experiments were performed from May to October in 2018. Sorghum (cv. Ba YQ) seeds were planted in pots with a diameter of 40 cm and a depth of 35 cm. In order to reduce the impact of the external environment, all pots were buried in the soil, with the top edge of the pot flushed with the ground. Each pot was filled with 7.5 kg of sieved air-dried loam soil. The soil contained 0.115% total N, 0.158% total P, 2.157% total K, 72 mg(available N) kg -1 , 17.1 mg(available P) kg -1 , and 138 mg(available K) kg -1 , with pH of 6.8. Fertilizer, 20 g of (NH4)2HPO4 per pot, was applied when the sorghum was planted, and 50 g of CO(NH2)2 per pot was applied at 8 weeks after emergence. The experiment was performed in a complete randomized block design with three replicates. There were six pots in each repeat, with a total of 54 pots.
Moisture treatment: Three treatments were applied: (1) excess moisture (EM; soil water content of 35-40%);
(2) normal water supply (control; soil water content 25-30%); and (3) drought stress (DS; soil water content of 15-20%). Each pot was equipped with a moisture sensor, and soil moisture was monitored using a realtime monitoring and adjustment system (D500, Shenzhen Libituo Technology Co., Ltd., China). The sensor probe was placed at a depth of 20 cm below the mouth of the pot because this is the area in which the root system was mainly distributed. Once every hour the soil moisture was measured, and water was supplemented. In addition, the soil moisture was verified using the weighing method every day at 17:00 h to ensure that the moisture-monitoring system was working properly.
Measurement period:
Previous water stress experiments with 16 sorghum varieties showed that the period from the sorghum growing point differentiation stage to the booting stage occurred from 25 to 50 d after sowing. During this period, sorghum was the most sensitive to soil moisture and water stress had the greatest influence on the growth and yield. Therefore, water stress treatment was applied in two stages: at 25 and 50 d after sowing continuously for 15 d for each treatment. Immediately after the stress, agronomic traits, photosynthetic parameters, and Chl fluorescence were determined.
Agronomic traits: Five plants from each treatment (EM, control, and DS) were selected for the measurement of agronomic traits. Plant height was determined prior to harvesting by measuring the distance from the base to the highest point of the plant. The stem diameter at the middle of the fifth internode of the plant was measured using an electronic vernier caliper. The green leaf area was measured using a leaf area scanner (YMJ-B, Zhejiang Top Instruments Co., Ltd., China) . Five plants per soil treatment were cut at the ground level, then cut subsequently into three segments: stalks, grain, and leaves along with sheaths. Yields of fresh stalks and grain as well as leaves and sheaths were measured with an electronic scale. After determining the fresh mass (FM), each sample was divided into two equal parts. One portion was dried at 105°C for half an hour and then dried at 70°C for 48 h to achieve constant mass. The dry mass (DM) of the root, leaf, and stem was then determined. The second portion was immersed in deionized water for 12 h and the turgid mass (TM) was measured. The relative water content (RWC) was then calculated using the following equation:
Chl content: The leaf Chl content was determined using the ethanol-acetone method (Zhang 1992) . Sorghum leaves (0.1 g) were cut out with scissors, placed in a 25-ml test tube, and 10 ml of ethanol-acetone mixture was added. The mixture was sealed with a rubber stopper and then placed in darkness for 24 h. The optical density (OD) values at wavelengths 470, 645, and 663 nm were measured using a spectrophotometer (D-8PC, Phile Instrument Co., Ltd., China), and the Chl a, Chl b, and Chl (a+b) contents were calculated as follows: Chl a = 12.72 D663 -2.81 D645, Chl b = 2013 D645 -5.03 D663, where D645 and D663 represent the OD values of the leaf pigment extract at 645 and 663 nm, respectively, Chl (a+b) = Chl a + Chl b.
Photosynthetic parameters: Photosynthesis and lightresponse curves of the leaves were measured using a LI-6400 portable photosynthetic analyzer (LI-COR, Lincoln, NE, USA). Measurements were taken on sunny days from 9:00 to 11:00 h. Five sorghum plants of consistent growth were selected from each water stress condition, and the net photosynthetic rate (PN), intercellular CO2 concentration (Ci), stomatal conductance (gs), and transpiration rate (E) of the uppermost fully developed leaf were determined. The intensity of the built-in red and blue light source (LI-6400-02BLED) was 1,000 μmol(photon) m -2 s -1 , the instrument leaf chamber temperature was 25°C, the air relative humidity was 60%, and the leaf chamber CO2 flow rate was 400 μmol s -1 .
When measuring the light-response curve, the intensity of the built-in red and blue light source (LI-6400-02B LED) was set to range from strong to weak intensity, and the PPFD was sequentially set to 1,800; 1,600; 1,400; 1,200; 1,000; 800, 600, 400, 200, 100, 80, 60, 40, 20, 10 , and 0 μmol(photon) m -2 s -1 . The photosynthesis lightresponse curve (PN-PPFD curve) was plotted with PPFD on the horizontal axis and the PN on the vertical axis. The PN-PPFD curve was fitted with Data Processing System version 7.05 (DPS7.05) (Xu et al. 2014a ). The maximum photosynthetic rate (PNmax), apparent quantum efficiency (α), and dark respiration rate (Rd) were obtained, and the light-compensation point (LCP), light-saturation point (LSP), and leaf water-use efficiency (WUE) were calculated as follows:
. LSP was estimated assuming PAR with a PN of 75% of the PNmax (Zhou et al. 2014) .
The Chl fluorescence parameters Fm', qP, NPQ, ΦPSII, Y(NPQ), Y(NO), and ETR were determined using a portable Chl fluorescence instrument (PAM-2500, Walz, Germany). The fully expanded leaf at the top of the plant (the 16 th leaf from the root) was used for measurements. A darkadaptation clamp specially made by Walz (Germany) was used to fully adapt the blade for more than half an hour, and then the leaf in the dark was measured. Corresponding parameters under dark adaptation conditions, F0, Fm, Fv/Fm, were measured. Then the dark-adapted leaves were treated with actinic light, of the light intensity gradient ranging from weak to strong intensity [0, 1, 2, 31, 64, 101, 198, 363, 619, 981; 1,386 ; and 1,663 μmol(photon) m -2 s -1 ], and with an action time of 30 s. The qP, NPQ, ΦPSII, Y(NPQ), Y(NO), and ETR of the modulated energy dissipation were then measured.
Statistical analysis:
All measurements were carried out three times per moisture treatment (one time per replicate), and there were three plants per replicate. Analysis of variance (ANOVA) was performed using SAS software (SAS Institute, NC, USA) and the significance of main effects was determined using Duncan's multiple range test (P<0.05).
Results
Agronomic parameters: Compared with the control, sorghum plant height and green leaf area were lower under water deficit, but slightly higher under EM; there was little difference in stem diameter between the three water treatments (Table 1) . Plant height and green leaf area decreased significantly both at 25 and 50 d after water treatments. The interaction between different measurement times (DT) and water treatment (WT) (WT × DT) also differed. In addition, there was a significant effect of WT on RWC, with the highest RWC observed in the leaf followed by the root and the stem. Table 1 . Changes in agronomic parameters of sorghum under water stress treatments applied at 25 and 50 d after sowing. Data represent means ± SD, n = 5. Different lowercase letters indicate significant differences according to Duncan's multiple range test (P<0.05). ** -significant difference at the 0.01 level, * -significant difference at the 0.05 level, ns -difference is not significant. DT -days after treatment, WT -water treatment, RWC -relative water content. This result can be more intuitively observed in Fig. 1 ; the change in the leaf color in response to water-deficit treatment was clearly visible. There was also a difference in aerial root production: 17 aerial roots were produced under EM treatment, four aerial roots were produced under normal water conditions, and no aerial roots were produced under DS (Fig. 1 ).
Chl content: After water stress treatment, the leaf Chl a, Chl b, and Chl (a+b) contents decreased compared with those of the control, and the decrease in Chl a was significantly higher than that of Chl b (Fig. 2) . After the waterlogging and drought treatments applied 25 d after sowing, the differences in Chl b content under stress were not significant, while the differences in Chl (a+b) and Chl a content were extremely significant. This result indicated that Chl a was more affected by stress applied at 25 d than that of Chl b. After EM treatment or DS applied at 50 d, the leaf Chl (a+b), Chl a, and Chl b contents were significantly different from those of the control. In addition, for both the treatments at 25 and 50 d, the leaf Chl (a+b), Chl a, and Chl b contents under DS were an order of magnitude higher than those under the EM treatment. This indicated that water stress, especially DS, decreased Chl biosynthesis, which led to the accelerated decomposition of Chl. The reduction of Chl content in sorghum leaves after water stress treatment may prevent the absorption of excess light energy and damage of photosynthetic apparatus.
Photosynthetic parameters: After EM and DS treatment, PN decreased significantly compared with the control, and this decrease was higher under DS (Table 2) . A similar trend was observed for gs, E, and WUE, while the change in Ci was significantly negatively correlated with PN. In addition, the effects of WT × DT interaction were also generally different. Taken together, these results indicated that water stress, especially the duration of stress, had an adverse effect on the photosynthesis of sorghum plants, but sorghum plants could enhance resistance to water stress through the regulation of photosynthetic parameters such as gs, E, and WUE. Under water stress, the LCP and LSP of sorghum decreased, but only LCP was significantly different between different water treatments. The difference in LSP was not significant; especially the decrease in DS was more pronounced (Table 3 ). In addition, there were significant WT × DT interaction effects. The changes in PNmax, α, and Rd values showed that water stress, especially DS, could decrease the LCP and affect the production of photosynthetic materials.
Chl fluorescence: After the 25 d of stress treatments, the F0 and Fv increased significantly, but there was no significant change in the Fm. However, after the end of the 50 d of water stress treatments, these fluorescence parameters increased (Table 4 ). This indicated that the water stress treatments significantly enhanced the photochemical activity and damaged the PSII reaction center; the decrease in Fv/Fm after the 50 d of water stress treatments further illustrates this point.
Photoresponse of the photosynthetic apparatus:
After water stress treatment, the ETR, qP, and PSII actual quantum yield (Y(II)) decreased, and NPQ increased (Fig. 3) . The decrease in qP indicates that the proportion of open PSII reaction centers decreased and that the potential activity of PSII decreased. The increase in NPQ indicates that the potential heat dissipation capacity of PSII was enhanced and that excess light energy was consumed by NPQ, which Table 2 . Photosynthetic parameters of sorghum leaves under water stress treatments applied at 25 and 50 d after sowing. Data represent means ± SD (n = 5). Different lowercase letters indicate significant differences according to Duncan's multiple range test (P<0.05). ** -significant difference at the 0.01 level, * -significant difference at the 0.05 level, ns -difference is not significant. PN -net photosynthetic rate, gs -stomatal conductance, E -transpiration rate, Ci -intercellular CO2 concentration, WT -water treatment, DT -days after treatment. dissipates energy, preventing or mitigating damage to the photosynthetic mechanism caused by excessive absorption of light energy by PSII. After water stress treatment, ETR and Y(II) were lower than that under normal conditions, indicating that water-stress treatment reduced the actual photosynthetic capacity, the proportion of photochemical reaction, and the photosynthetic ETR.
Discussion
Previous studies have shown that water stress can significantly inhibit the vegetative growth of crops (Downie et al. 2004) . The present study revealed that when sorghum was subjected to water stress, plant height and green leaf area were lower under water-deficit conditions, but slightly higher under excessive moisture stress. This is consistent with the previous finding that when the soil moisture was excessive, there were differences in inhibition of plant height and leaf growth (Ullah et al. 2018) . We also found that aerial roots grew abundantly under EM stress, but that no new aerial roots were found under DS. This indicates that under EM stress, the metabolic balance of sorghum can be maintained by increasing the number of aerial roots, and that under DS, water metabolism is mainly regulated through a reduction of water loss and curling of the leaves. This may be an important cause of the differences in plant height between the water deficit and EM treatments. Such studies have demonstrated similarities in crops, such as canola (Brassica napus L.) and sunflower (Helianthus annuus L.) (Sun et al. 2010 ). In addition, it has also been found that under water stress, the metabolism of crops is disrupted and plant growth is restricted (Waraich et al. 2011 , Shao et al. 2016 , which may also explain the changes in morphology during water stress. Chl, the main photosynthetic pigment in plant leaves, is an important indicator used for evaluating the physiological status of plants; it is also an important indicator reflecting the photosynthetic capacity of leaves (Xu et al. 2014b ). In Table 3 . Changes in light-compensation point (LCP), light-saturation point (LSP), and related parameters of sorghum leaves under water stress applied at 25 and 50 d after sowing. ** -significant difference at the 0.01 level, * -significant difference at the 0.05 level, ns -difference is not significant. PNmax -estimated maximum net photosynthesis, α -apparent quantum efficiency, Rd -apparent dark respiration rate, WT -water treatment, DT -days after treatment. this study, leaf Chl a content significantly declined during water stress. This finding is basically consistent with the previous report that Chl in crops decreases under drought or EM stress, and that this decrease is mainly due to damage to the chloroplasts (Bai et al. 2008) . Moreover, it has been pointed out that when sorghum is subjected to water stress, the absorption of excess light energy by the leaves, which causes damage to the photosynthetic apparatus, could be avoided by reducing the Chl content, especially Chl a content (Guan and Gu 2009) . This hypothesis has been confirmed in wheat (Tambussi et al. 2005) , and the results of this study suggest that this physiological regulatory mechanism likely operates in sorghum plants subjected to water stress. Crop production and water consumption are coupled with crop light capture and transpiration (Wullschleger and Oosterhuis 1991) . Leaf photosynthesis is the basis of plant growth and development, and photosynthetic rate is an important indicator of plant biological and economic yield (Zlatev and Yordanov 2004) . The results of this study found that PN decreased under water stress, accompanied by decreases in photosynthetic parameters, such as gs and E, which is a well-known phenomenon (Tang et al. 2002) . However, some studies also showed that photosynthesis may be controlled by the capacity of the chloroplast to fix CO2 rather than by increased diffusive resistance under severe water stress (Wullschleger and Oosterhuis 1991) . There are also reports showing that the effects of drought and excessive water stress on photosynthesis are often not caused by stomatal factors, but by nonstomatal factors (Redondo-Gómez et al. 2010) . The reason for the differences between findings of our study and others may be due to differences in the duration and intensity of water stress and crops studied.
One very interesting phenomenon found in this study is that sorghum leaf LSP and LCP decreased under drought or excessive water stress. It has been reported that crop photosynthetic production is closely related to leaf LSP and LCP (Peri et al. 2011) . In this study, we also found that there was a relatively small decline in LSP under water stress, indicating that sorghum has a good self-regulation ability in photosynthesis. Hymus et al. (2002) reached similar conclusions.
Chl fluorescence kinetics reflects the intrinsic properties of photosynthetic systems and can be used to detect the effects of stress on photosynthesis (Raines 2011, Ashraf and Harris 2013) . The photosynthetic kinetics of plants has become a research hot spot, and kinetics parameters have been widely used in water stress physiology research (Dannehl et al. 1996, Elsheery and Cao 2008) . In this study, Chl fluorescence kinetics was used to analyze sorghum pairs. At present, it is believed that water stress can affect the F0, Fm, and Fv of plant leaves (Kalaji et al. 2016) . In this study, although F0 and Fv increased, Fm did not change significantly. The reason, why Fm did not change significantly in response to stress, may be that the degree of water stress was not high enough to severely damage the leaves or alter metabolic pathways in sorghum. In addition, this study also found that leaf Fv/Fm decreased, which is consistent with the previous finding that water stress can reduce Fv/Fm, and that changes in this ratio can be used to indicate crop resistance or tolerance to drought (Raines 2011) . The results are consistent with those of other studies (Murata et al. 2007 ). Our finding Fig. 3 . Changes in chlorophyll fluorescence in the leaves of sorghum under water stress applied at 25 and 50 d after sowing. Data represent means ± SD, n = 5. ** -significant difference at the 0.01 level, * -significant difference at the 0.05 level, ns -difference is not significant. ETR -electron transfer rate, NPQ -nonphotochemical quenching, Y(NO) -nonregulated energy dissipation of electron yield, Y(NPQ) -quantum energy output under light adaptation, DT -days after treatment, WT -water treatment, P(WT) -significant difference in water treatments.
further demonstrates that the leaf Fv/Fm can be used as an important index to evaluate the resistance of sorghum to water stress.
It has been reported that increased qP could dissipate excitation energy at the expense of photochemical utilization (Ren et al. 2007 ). This study found that qP decreased significantly under water stress, which is similar to the findings of Yin et al. (2006) , but others found that qP was only slightly reduced under water stress (Murata et al. 2007 ). These different observations are likely due to the different test materials used. However, differences in the water stress treatments and stress levels are also likely to be important. The present study also found that ETR and Y(II) were lower after water stress than that under normal conditions, indicating that water stress reduced the actual photosynthetic capacity. This is basically consistent with the previous report that NPQ increased and ETR decreased in Rhamnus ludovicis-alvatoris and other Mediterranean tree species during water stress (Kato et al. 2003) .
Conclusions:
In general, during the critical growth period of sorghum, from the growing point differentiation to the half-bloom growth stages, water deficit has a greater impact on the growth of sorghum than excessive water. Water stress can lead to a significant decrease in Chl a content in the leaves of sorghum, which in turn affects photosynthesis and parameters such as gs and E. These changes are accompanied by a decrease in the LCP and LSP of the blade and by changes in chlorophyll fluorescence, and improve the resistance of sorghum to drought and waterlogging stress.
